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Overview: The past 60 years of lipid lowering drug development has led to multiple medications that are well
characterized including statins, niacin, bile acid sequestrants, fibrates, fish oil, and ezetimibe. Still, several
challenges remain. A significant amount of individuals have adverse reactions to existing drugs, with the most
common adverse reaction being statin induced myopathy. Statin induced myopathy complicates 5-10% of
statin users, and no effective approach to treating such patients has been established. High-risk populations
(nephrotic syndrome, heterozygous familial hypercholesterolemia) are unable to get to goal on existing drugs,
and some individuals (homozygous familial hypercholesterolemia, familial chylomicronemia syndrome) do not
respond to any existing drugs. Because LDL-C is a well-established target to improve mortality, a need exists
for further options for individuals with statin intolerance and familial hypercholesterolemia. Because severe
hypertriglyceridemia leads to recurrent acute pancreatitis, a need exists for TG lowering agents in individuals
with familial chylomicronemia syndrome.

Educational Objectives:

1. Understand the scope of statin myopathy
2. Understand familial hypercholesterolemia and treatment challenges
3. Understand familial chylomicronemia syndrome and treatment challenges



l. Introduction

Currently, six classes of lipid lowering agents are available: statins, bile-acid sequestrants, niacin,
cholesterol absorption inhibitors, fibrates, and fish oil. As a whole, these lipid lowering drugs are the second
most commonly prescribed medication class in the US (1), with statins being the most commonly prescribed
agent within this class. The widespread use of statins can be attributed to overwhelming evidence of benefit
and safety as well as awareness campaigns directed at physicians and directly to consumers.

These six classes of lipid lowering agents are effective at treating the vast majority of dyslipidemias.
However, a few challenges remain. First, approximately 5-10% of statin users develop intolerance. Second,
some individuals, such as those with heterozygous familial hypercholesterolemia or nephrotic syndrome, are
unable to attain their low-density-lipoprotein cholesterol (LDL-C) goals. Third, there are some rare lipid
disorders, such as homozygous familial hypercholesterolemia and familial chylomicronemia syndrome, that
respond minimally or not at all to the current lipid lowering agents. | will review a few of the important
challenges today.

Il. Statin Intolerance

Certainly, statins are powerful, predictable, and consistent LDL-C reducers as well as being over-all well
tolerated and having good patient adherence (2). As statin use has become widespread, there is an increased
awareness of individuals developing adverse reactions to statins, with the most common adverse reaction
being myopathy. Unfortunately, the pathophysiology, and even the terminology, of statin related muscle injury
is not yet well established (3) and according to patients, physicians more commonly dismiss rather than
acknowledge the possibility of a statin link to muscular symptoms (4). Furthermore, the diagnosis of myopathy
is difficult, especially since some of these individuals can have normal serum creatine kinase (CK) levels
despite demonstrable weakness and muscle biopsy proven statin-induced myopathy (5).

Myalgia
Symptoms but no 1CK
Muscle ache, weakness, cramps, stiffness, heaviness

Asymptomatic Myopathy

No symptoms but 1CK

Myositis

Symptoms and 1CK

Rhabdomyolysis

Myalgias, CK > 10x ULN and increased creatinine

Figure 1: Terms used to define statin myopathy

A. Definitions

There is no well-accepted standard definition of statin induced myopathy. Rather, there are several
terms that are typically used to qualify a patient’s presentation. The following definitions are adapted from the
National Lipid Association (NLA) and American College of Cardiology/American Heart Association (ACC/AHA)
recommendations (6, 7) (Figure 1). Myalgia is defined as having myopathy symptoms but no elevation in CK.
The symptoms can include muscle aches, weakness, cramps, stiliness, or “heaviness” while taking a statin.
Asymptomatic myopathy is defined as having no symptoms but an elevated CK. The CK elevation resolves
after the statin is stopped. Myositis is defined as having myalgias but with increased CK. Rhabdomyolysis
occurs when there is breakdown of muscle fibers that leads to the release of muscle fiber contents (myoglobin)



into the bloodstream. It is typically diagnosed by demonstrating increased CK with acute kidney injury and
myoglobin in the urine. Although there is no absolute cut-off value for CK elevation, statin induced
rhabdomyolysis typically involves CK elevation 10 fold higher than the upper limit of normal.

B. Historical context

The first case of statin-induced myositis was recognized soon after the discovery of the first statin by
Drs. Akira Endo and Masao Kuroda in Japan. Dr. Endo and his colleagues documented the case of a 17-year-
old girl with homozygous familial hypercholesterolemia who was initially administered a very high dose of
mevastatin (8, 9). They then noted “a side effect (muscular weakness at the proximal parts of the extremities
with a rise of serum creatine phosphokinase, glutamate-pyruvate transaminase and glutamate-oxaloacetate
transaminase activity).” They also noted “these side effects completely disappeared within two weeks after
withdrawal of the drug.” With lower doses of the mevastatin, “the side effects were no longer experienced.”

In 1988, the first cases of rhabdomyolysis were reported as “correspondence” the New England Journal of
Medicine. In two separate reports, a total of five patients who had undergone cardiac transplantation were
described as developing rhabomyolysis after getting lovastatin (10, 11).

C. Characteristics

Although the presentation of statin myopathy varies greatly, there are several characteristic findings.
Myalgias involve large, proximal muscle groups and are typically symmetrical. The onset of myalgias occurs
within six months of drug initiation, but has been reported to occur at any time during the course of statin
administration (12). Statin related muscle complaints improve promptly after drug termination, although it can
take up to three months to resolve completely (12).

Occasionally, muscle symptoms or elevated CK do not improve after drug discontinuation. In such cases
other myopathies should be investigated (such as polymositis, polymalgia rheumatica, etc). Occasionally,
previously asymptomatic inherited myopathies have manifested only after statin administration. Examples of
such genetic disorders include heterozygous myophosphorylase deficiency (MPD), homozygous MPD
(McArdle disease), heterozygous carnitine palmitoyl-2 (CPT-2) deficiency, and Pompe’s disease (13).

Anecdotally, lipidologists have observed that statin myopathy tends to reoccur with other statins, often time
more promptly. This suggests a “legacy” or “dose accumulation” effect with statins.

D. Risk Factors

Numerous risk factors for statin induced myopathy have been elucidated from clinical trial experience.
These include advanced age, female sex, small body frame and frailty, multisystem disease, high doses of
statins, hypothyroidism, alcoholism, grapefruit juice consumption, major surgery or perioperative period,
excessive physical activity, history of myopathy while receiving another lipid-lowering therapy, history of CK
elevation, unexplained cramps, family history of myopathy, and family history of myopathy while receiving lipid-
lowering therapy (3). Ethnicity/race can also be a factor. Asians are known to have a decreased clearance of
rosuvastatin (14). Interestingly, African-Americans are known to have higher baseline CK but no increased risk
of myopathy (14). Additional treatment related risk factors include high dose statin therapy and interaction with
concomitant drugs (fibrates, cyclosporine, antifungals, macrolide antibiotics, HIV-1 protease inhibitors,
nefazodone, amiodarone, and verapamil) (3).

E. Frequency

The incidence of statin myopathy in clinical trials is not too impressive (3), Myalgia incidence has been
reported to be as little as 2% in clinical trial participants. Myositis and rhabdomyolysis incidences are
consistently reported to be as low as 0.05%, and 0.002%, respectively. In fact, if cerivastatin (the only statin to
be removed from the market) studies are excluded, the clinical trial frequency of statin induced myopathy is no
different than placebo (15).



Table 1: Frequency of muscle symptoms in 7924 adult French patients observed in 2752 primary care practices (PRIMO study) (16)

% with
muscle symptoms

Simvastatin 40 to 80 mg 18.2%
Atorvastatin 40 to 80 mg 14.9%
Pravastatin 40 mg 10.9%
Fluvastatin XL 80 mg 5.1%

There are several caveats with interpreting safety data from clinical trials of statins. Individuals with a
prior history of muscle related symptoms are usually excluded from participation in clinical trials. Most statin
trials have included a run-in phase, and the presence of muscle symptoms or increases in CK during this
phase excludes these subjects from retention. Finally, many clinical trials have eligibility criteria that exclude
individuals with risk factors for myopathy. The recent Justification for the Use of Statins in Primary Prevention:
An Intervention Trial Evaluating Rosuvastatin (JUPITER) study is an example of a study that found no
significant myalgias but had broad exclusion criteria. The criteria included previous treatment with any lipid
lowering therapy, hepatic dysfunction, elevated CK, increased creatinine, hypothyroidism, alcohol use, drug
abuse, inflammatory conditions, and any “medical condition that might compromise safety or successful
completion of the study (17).”

Muscle complaints are much more common in clinical practice than reported in clinical trials. Studies
such as Prediction of Muscular Risk in Observational conditions (PRIMO, Table 1) (16), an observational
survey of muscular side effects in patients receiving high-dosage statin treatment in general practice clinics in
France, give an idea of how often these symptoms occur. Overall, muscular symptoms were reported by
10.5% of statin users, with a median time of onset of one month following initiation of statin therapy. The
highest prevalence was 18.2% amongst users of simvastatin 40-80 mg/day.

Discontinuers*
(n = 1220)

*average 2 statinstried 12%

before stopping Current Users

88% (n = 8918)

Significant Differences Between Groups

Myalgias Mean Chol
Current Users 25% 173 mg/dL
Discontinuers 86% 223 mg/dL

Figure 2: Results of the USAGE survey of statin use in the US (18).

More recently, the USAGE study (http://www.statinusage.com) surveyed > 10,000 individuals in the US
who were prescribed statins and found that 12% had discontinued their statin. 86% of those who discontinued
statins experienced muscle pain or weakness, compared to 25% among current users (18) (Figure 2).
Discontinuers were more likely to have multiple co-morbid conditions, and on average, two statins were tried
before stopping.
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Table 2: Results of the STOMP study, **p = 0.05

Atorvastatin

80 mg daily | ocenC
(n =203)
Myalgia™* (%) 9% 5%
Muscle group(s) Legs Generalized

The recent Effect of Statin Medications on Muscle Performance (STOMP) study was a randomized
double blind clinical trial designed to examine the effects of statins on muscular complaints (19). The definition
of myalgias required resolution of muscle symptoms promptly after stopping study medication and
reappearance of symptoms on restarting the medication. Using this strict definition, 9% of statin users
developed myalgias.

According to the CDC data from 2003, 37% of the US population has at least two risk factors for heart
disease, making them potential statin users. If 5-10% of these individuals experience statin-induced muscular
symptoms, then the estimated prevalence of statin myopathy is 5 -10 million in the US (20).

F. Is Statin Myopathy Real?

According to a study published in 2007, physicians more commonly dismiss rather than acknowledge
the possibility of a statin link to muscular symptoms (4). Several prominent lipidologists continue to insist that
statin myopathy is a “disease of the mind.” However, there are several lines of evidence that suggest that
statins have a toxic effect on muscles.

In the 1990’s, Thompson et al showed that patients treated with lovastatin had mildly increased CK
levels after downhill walking (21). More recently, the STOMP study assessed symptoms and measured CK,
exercise capacity, and muscle strength before and after atorvastatin 80 mg or placebo was administered for 6
months to 420 healthy, statin-naive subjects (19). No differences were found in exercise capacity or muscle
strength, but they observed a mild increase in CK among atorvastatin users, suggesting that statins produce a
mild muscle injury even among asymptomatic subjects.

The strongest evidence for the existence of statin induced myopathy comes from muscle biopsy
studies. Skeletal muscle biopsies in patients with statin induced myopathy have demonstrated necrotizing
myopathy (22-24). Alarmingly, a muscle biopsy study of asymptomatic statin users showed evidence of
skeletal muscle damage when compared to controls, suggesting that statins may also be causing myocyte
damage at a subclinical level (25).

G. Pathopharmacology and Pharmacogenetics

The exact pathology at the level of skeletal muscle remains unclear. Statins inhibit an early step of the
cholesterol biosynthesis pathway, and it is possible that intermediates in the pathway play a role in statin
myopathy. It is also well known that statin myopathy is directly related to exposure. As such, several drug-drug
interactions have been described that involve phase 1 and phase 2 metabolism of statins. It has also become
clear that drug transporters are involved, and recent genetic studies have implicated variations in drug
transporter genes among patients with statin intolerance.

Statins competitively inhibit the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase,
which catalyses the third and rate-limiting step of the cholesterol biosynthesis pathway. Isoprenoids are
secondarily reduced. This leads to an impairment of multiple pathways, including: (1) selenocysteine (Sec)
transfer RNA (tRNA) isopentenylation, (2) dolichol-mediated N-linked glycosylation, (3) protein prenylation by
farnesyl-pyrophosphate and geranylgeranyl-pyrophosphate, and (4) coenzyme Q10 (ubiquinone; CoQ10) tail
synthesis, which may influence antioxidant and respiratory chain capacities within the cell (26).

Treatment with statins (pravastatin, simvastatin, and atorvastatin) has been shown to reduce CoQ10
plasma levels in several studies (27-29), although one study did not show any reduction in CoQ10 levels in



patients given pravastatin or atorvastatin (30) . CoQ10 supplementation has been studied in three small but
well designed, randomized, double blind trials that yielded conflicting results (31, 32). In a small trial (n of
approximately 40), Caso et al showed that coenzyme Q10 100 mg/day reduced pain severity in patients with
myopathic symptoms when compared to patients taking Vitamin E (31). In another small pilot trial, Young et al
randomized 44 patients with statin myopathy to coenzyme Q10 200 mg/day or placebo for 12 weeks (32).
There was no difference between the two groups in myalgias scores. In the third and most recently performed
study, Bookstaver et al randomized 76 patients with apparent statin induced myalgias to coQ10 60 mg twice
daily or placebo (33). All patients continued their statins. At one month, there was no difference in pain scores,
and the authors concluded that CoQ10 did not produce a greater response than placebo in the treatment of
presumed statin-induced myalgias. Several coenzyme Q10 trials are ongoing and may help answer the
question of whether coenzyme Q10 may help relieve or prevent myopathic symptoms. A search of
clinicaltrials.gov identifies at least four such studies (clinicaltrials.gov #'s: NCT00997269, NCT01140308,
NCT01026311, and NCT00716612).

Another potential mechanism of statin myopathy is Vitamin D deficiency. The immediate precursor to
cholesterol is 7-dehydrocholesterol, and Vitamin D is produced when 7-dehydrocholesterol is converted to
vitamin D3 in the skin by ultraviolet B light. The vitamin D receptor is present in skeletal muscle, and vitamin D
deficiency can cause myopathy. However, statins have been shown to have a neutral effect or even increase
levels of Vitamin D (34). A clear relationship has not been established between statins, Vitamin D, and statin
myopathy, but a randomized placebo controlled trial is currently underway to examine whether Vitamin D
supplementation will reduce statin myopathy (clinicaltrials.gov #: NCT01400009).

The myopathic effect of statins increased with increasing steady state blood levels, which is largely
affected by drug metabolism and genetic variants in drug transporters. Drug metabolism is divided into phase 1
and phase 2 reactions. Phase 1 reactions typically introduce a functional group via oxidation or reduction. All
statins, except pravastatin, undergo oxidation via the cytochrome P450 (CYP) system (Table 3). Many of the
drug-drug interactions that occur with statins involve the CYP3A4 system (35). Atorvastatin, lovastatin, and
simvastatin are all metabolized by this system. Interacting drugs (inhibitors/substrates of CYP3A4) include
azole antifungals, cimetidine, clarithromycin, erythromycin, cyclosporine, diltiazem, HIV-1 protease inhibitors,
and grapefruit juice (35). These inhibitors and substrates can lead to decreased statin metabolism, increased
blood concentration of the statin or active metabolite, and increased risk for muscle toxicity. Note that
pravastatin is not metabolized by the P450 system, prompting it to often be called the “safest statin.”
Pitavastatin undergoes only minor metabolism by the P450 system and is mainly metabolized by phase 2
reactions. There is only limited clinical experience with pitavastatin in the US.

Table 3: Cytochrome P450 (CYP) Enzymes Involved in Statin Metabolism (35)

Statin CYP3A4 | CYP2C9 | CYP2C8 | CYP2C19
Atorvastatin X
Fluvastatin X X
Lovastatin X
Pitavastatin X X
Pravastatin
Rosuvastatin X X
Simvastastin X

Phase 2 reactions involve conjugation reactions with other molecules. All statins undergo
glucuronidation by UDP glucuronyltransferases 1A1 and 1A3. Competing drugs include gemfibrozil and
cyclosporine, and concomitant administration with statins can results in increased statin exposure of 20% or
more. Of note, the concomitant use of gemfibrozil and simvastatin is contraindicated primarily because of this
interaction during phase 2 metabolism. The Food and Drug Administration (FDA) recently changed the label for
simvastatin to reflect this drug-drug interaction. For the other statins, a general rule of thumb is to use only 10
mg when also administering gemfibrozil. Cyclosporine use contraindicates statin use except for pravastatin and
low doses of fluvastatin or rosuvastatin.
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Figure 3: Drug transporters affecting hepatic uptake and excretion of drugs — from (36)

Inhibition of hepatic uptake transporters by co-medications and reduced transport activity due to genetic
polymorphisms also have the potential to increase systemic (and thereby muscle) exposure (37). The most
studied drug transporter implicated in statin myopathy is organic anion transporting polypeptide 1B1
(OATP1B1). OATP1B1 is expressed in liver hepatocytes on the basal-lateral side of the sinusoidal membrane,
and it serves to bring substrates into the liver from the blood stream. OATP1B1 can thus mediate the hepatic
elimination of these compounds. Inhibitors and substrates of OATP1B1 include all of the currently available
statins, cerivastatin, gemfibrozil, cyclosporine, and many other pharmacologic agents.
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Figure 4: Effects of SLCO1B1 c.521T>C variant on (A) plasma concentrations of active simvastatin acid after a single 40-mg dose of simvastatin in
healthy volunteers, and (B) on the cumulative incidence of myopathy during treatment with 80 mg/day simvastatin daily (38).

OATP1B1 is encoded by the gene SLCO1B1. A genome wide association study compared 85
myopathy cases with 90 controls, all of whom were taking 80 mg of simvastatin daily (38). The scan yielded a
single strong association of myopathy with the rs4363657 (c.521T>C) single-nucleotide polymorphism (SNP)
located within SLCO1B1. More than 60% of the myopathy cases studies were attributed to the C allele. The
odds ratio for myopathy was 4.3 for one C allele and 17.4 for both C alleles (Figure 3). After a single 40 mg
dose of simvastatin in healthy volunteers, simvastatin acid levels were almost three fold higher in those with
both C alleles when compared to those with both T alleles (37, 38). Subsequently, SLCO1B1 genotype has
been found to influence the plasma concentration of all statins (39). The most dramatic effect is seen with
simvastatin acid, which can have 221% increase in exposure (Figure 4). Consequently, it is not surprising that

individuals with genetic variations in SLCO1B1 have an increased incidence of rhabodmyolysis during statin
therapy (38) .
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Figure 5: Effects of the SLCO1B1 c.521T>C variant on the exposure (area under the plasma statin concentration-time curve) to different statins
(40).

It would be expected that the SLCO71B1 ¢.521T>C SNP would be associated with an attenuated
cholesterol-lowering response to statin therapy. In the Heart Protection Study, the low-density lipoprotein
cholesterol-lowering effect of 40 mg/day simvastatin was only 1.3% smaller per copy of C allele (37, 38). Thus,
the SLCO1B1 c.521C increases plasma statin concentrations and the risk of myopathy, without a dramatic
increase in cholesterol-lowering efficacy.

Although not as well studied, several other hepatic transporters have been implicated in statin
myopathy including (but not limited to) breast cancer resistance protein (BRCP), organic anion transporting
polypeptide 1BP3 (OAT1BP3), and multidrug resistance protein 1 (MDR1) (37). Variations in the genes
encoding these proteins also influence the plasma concentration of statins (40). These transporter genes have
now been shown to be expressed in human skeletal muscle, where they may determine local exposure and
toxicity of statins (41).

H. Therapeutic Strategies

There is no consensus on management of patients with statin intolerance. At our center, the general
approach is the following. First, we reassess the patient with regards to their need for a statin. The benefit of
the statin must always be balanced with the risks. Individuals who are low-risk for CHD and have experienced
statin myopathy may no longer tip the risk-benefit scale towards benefit. In individuals at moderate or high
CHD risk who develop myalgias (but not myositis or rhabdomyolysis), we often try a “statin challenge.” This
challenge involves stopping the statin for two weeks to see if the symptoms go away, then restarting the statin
to see if the symptoms return. Second, we identify concomitant medications that may be contributing to
increased statin exposure. Third, we maximize therapeutic lifestyle changes, including the use of plant stanols.
Fourth, if CK is not elevated, we typically try a different statin. This step (and the following steps) involve a
great deal of “trial-and-error.” Fifth, if CK is elevated or the patient is not willing to take a statin, we try non-
statin lipid lowering agents. Sixth, we try “desperate measures” such as non-traditional statin doses and rarely
LDL-apheresis.

Of course, the best management of statin intolerance may be prevention. Prior to prescribing a statin, a
“check-list” type of evaluation may be beneficial. Family history of myopathy, secondary causes of muscle
problems, and potential drug-drug interactions should be identified. In light of recent findings that statins
increase the risk of developing diabetes, diabetes risk factors should be identified. These steps may help
identify those who require more careful monitoring or more cautious dosing. At-risk patients can also be
informed about the potential side-effects and the need to report them as soon as possible.
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l. Future Direction

a. Pharmacogenomics

SLCO1B1 genotyping for rs4149056 (c.521T>C) is currently commercially available (Berkeley
HeartLab, Bostonheart Diagnostics), and this genotyping may be clinically meaningful because
the SLCO1B1 ¢.521T>C SNP and interacting drugs may have additive effects on statin pharmacokinetics.
However, the clinical utility of this genotyping has not yet been studied methodically. In addition, other variants
in SLCO1B1 and variants in other genes have been found to decrease transport activity of statins (37), and the
risk of myopathy may be related to multiple variations with small cumulative effects. A search of
clinicaltrials.gov reveals several studies related to the study of genetic variations associated with statin induced
myopathy (NCT00549029, NCT00767130).

b. Potential New Therapies for Statin Intolerant Patients: PCSK9 Inhibition

Proprotein convertase subtilisin/kexin 9 (PCSK9) is a member of the proprotein convertase family of
zymogens and modulates plasma LDL-C levels by promoting degradation of LDL receptors. PCSK9 was
identified via linkage analysis in three French families with autosomal dominant hypercholesterolemia but no
mutations in LDLR or APOB (10). These individuals were found to have gain-of function mutations (Figure 6).

I pcsko P> ILDLR - I'—D'-'C

Missense mutations - Gain of function

PXKQ =) ILDLR - ILDL-C

Nonsense mutations = Loss of function

Figure 6: Effect of PCSK9 gain of function vs loss of function mutations

Conversely, Hobbs et al established that loss-of-function mutations in PCSK9 are associated with
hypocholesterolemia and protection from coronary heart disease (CHD) (42, 43). Thus far, PCSK9 deficiency
has not been associated with obvious ill effects, making PCSK9 an attractive target for lipid lowering.

The Goal Achievement after Utilizing an anti-PCSK9 antibody in Statin Intolerant Subjects (GAUSS)
study assessed the efficacy and safety of a monoclonal antibody to PCSK9 (AMG145, Amgen) in patients (n =
160) with a documented history of muscle-related adverse effects with statins (intolerable myalgias or myositis)
(44). Patients could continue low dose statins if they were able to tolerate them. After 12 weeks of treatment,
LDL-C reduction was approximately 50% in the group that received only the study drug at the highest dose
(other groups also received ezetemibe). This LDL-C reduction is similar to statins and greater than currently
available non-statin lipid lowering medications. Among the patients who got both AMG145 and ezetemibe, 90%
got to their goal LDL-C. Overall, the drug was well-tolerated, but myalgia did occur in six patients receiving
AMG145 only. Two patients in the AMG145 only group developed CK levels greater than 10 times the upper
limit of normal. Both cases occurred after exercise. Future studies of longer duration and larger sample size
are needed to establish the safety of PCSK9 inhibition as well as the cardiovascular benefits. Nevertheless,
PCSKO9 inhibition is perhaps the most promising LDL-C lowering therapy for patients with statin intolerance.

. Familial Hypercholesterolemia

Because of their very high baseline LDL-C values, individuals with disorders such as heterozygous
familial hypercholesterolemia and nephrotic syndrome require intensive statin therapy yet still don’t get to their
LDL-C targets. Compared with the low-dose statin therapy, intensive statin therapy has been associated with
increased incidence of discontinuation, hepatotoxicity, and myalgia (45-49). In addition, these individuals often
require various combinations of statins, bile acid binding sequestrants, ezetimibe, and niacin. However, there is
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lack of documented clinical trial evidence for the efficacy of many of these combination regimens in the
prevention of CHD (45).
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Figure 7: Plasma cholesterol in patients with homozygous FH, their parents (obligate heterozygous FH), and normals (50)

Familial hypercholesterolemia (FH, OMIM #143890) is an autosomal codominant disorder caused by
mutations in the LDL receptor gene. (Mutations in apolipoprotein B100 and PCSK9 cause a similar phenotype,
but are much rarer). Those individuals who are heterozygous for one of these mutations typically have total
cholesterol > 300 mg/dL (Figure 7), premature arcus senilis, tendon xanthomas, and premature CHD.
Homozygous patients typically have total cholesterol > 500 mg/dL and develop CHD at very early ages.

Normal achilles tendon Thick, nodular achilles
tendon typical of
Achilles tendon
xanthomas

Figure 8: Achilles tendon xanthomas

FH was one of the first genetic disorders of lipid metabolism to be characterized at the molecular level.
Brown and Goldstein (at UT Southwestern), in the 1970s, discovered that the disease is caused by mutations
in the LDLR, a cellular surface protein that recognizes and internalizes LDL particles (51). Mutations in LDLR
account for the majority of monogenic hypercholesterolemia cases (52) and more than 1000 unique disease-
causing variants have been reported (www.ucl.ac.uk/IdIr/LOVDv.1.1.0/)(52). Worldwide, the prevalence of
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heterozygous FH due to heterozygous LDLR variants is estimated to be 1 in 500 (53), making it the most
frequent Mendelian disorder. In fact among survivors of myocardial infarcts, the frequency of heterozygotes is
about 1:20. Homozygous individuals, although rare, have a much more severe phenotype.

A. Homozygous FH Patients Don’t Respond Well to Lipid Lowering Agents
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Figure 9: Response to high dose simvastatin in patients with homozygous FH (54).

Homozygous familial hypercholesterolemia, although rare, results in vascular disease as early as the
first or second generations of life. Unfortunately, these individuals respond minimally to existing lipid lowering
agents, especially in the case of homozygous null LDLR mutations. A trial of simvastatin in 8 homozygous FH
patients examined the effects of very high simvastatin doses (160 mg/day) on LDL-C (Figure 9). LDL-C
reduced by 30%, but levels were still in the 300-400’s mg/dL range (54). Thus, even amongst those
homozygous FH who have some response to lipid lowering agents, they are not able to get to goals. Often the
only therapeutic option is LDL-apheresis (see below).

B. Heterozygous FH Patients are Unable to Achieve LDL-C Goals.

Treatment options for heterozygous FH include therapeutic lifestyle changes, lipid lowering agents, and
LDL-apheresis. Therapeutic lifestyle changes have minimal effects on lipids in FH patients, primarily because
their LDL-C level is heavily influenced by genetics rather than environment. Lipid lowering agents include
statins, bile-acid binding resins, and niacin. If needed, LDL-apheresis is an option for heterozygous FH patients
who cannot lower their LDL-C sufficiently with lipid lowering agents.

100

80

60 A

40 -

100 mg/dL
20

1

T T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10
LDL-c target (mmol/l)

attainment of target (%)

Figure 10: Attainment of LDL-C target in patients with heterozygous LDLR mutations (N=1249, Netherlands) (55)

In the Netherlands, where heterozygous FH is relatively common (1:400), a molecular screening
program was set up to identify FH patients. A recent survey of their data revealed that only 22% of treated
individuals with FH achieved their LDL goal after 2 years despite an average of 44% reduction in LDL-C
(Figure 10) (55) . Even with the most potent treatment regimens, the authors estimate that the Dutch target
level could not be reached in many cases. Similarly, in Norway, 6 months after getting a genetic diagnosis of
FH and being started on lipid lowering medications, serum LDL-C was reduced by only 25% and a total of only
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15.5% of FH patients had total cholesterol at goal (56). In a UK audit of 733 FH patient records, over 89% of
patients were treated with statins, yet only 33% achieved target (57). Thus there is a need for additional
therapeutic options to lower LDL-C in patients with FH.

C. LDL-Apheresis

LDL-apheresis is a form of apheresis, resembling dialysis, which eliminates LDL-C from the
bloodstream (See Figure 11 for an example). LDL-apheresis works by leading venous blood through a column
coated with antibodies to apolipoprotein B (the main protein of LDL particles), dextran sulfate or polyacrylate,
or by precipitating LDL-C with heparin at low pH. Rarely, LDL-apheresis is complicated by post-procedural
bleeding, hypotension, or allergic reactions.

LDL-apheresis has been in use since 1975 for homozygous FH (58), and has been shown to improve
survival (59). Two randomized trials studied LDL-apheresis for heterozygous FH patients, but did not find any
significant differences in the primary endpoint, quantitative coronary angiography, after two years (60, 61).
Thus, it is thought that LDL-apheresis offers no advantage in drug-responsive patients.

Since 1996, the FDA has approved three uses for LDL-apheresis. As part of the qualifications, patients
must have failed a six-month trial of diet and maximal drug therapy. For children, exceptions are made for early
initiation.

1. Homozygous patients with LDL-C levels greater than 500 mg/dL
2. Heterozygous patients with LDL-C greater than 200 mg/dL with a documented history of CHD
3. Heterozygous patients with LDL-C greater than 300 mg/dL without CHD.

There are two major issues (in addition to being an invasive procedure) to the use of LDL-apheresis.
First is cost. At our center, each apheresis treatment costs $ 4000. Homozygous patients typically require one
treatment per week, making the yearly cost over $ 200,000. The yearly cost of LDL-apheresis is similar to the
most expensive drugs in the world (http://www.forbes.com/2010/02/19/expensive-drugs-cost-business-
healthcare-rare-diseases.html) and is much higher than hemodialysis for end-stage-renal disease ($
70,000/year). There is a need for additional lipid-lowering agents to reduce the cost burden of LDL-apheresis.
Second, there is low availability of centers that can provide LDL-apheresis procedures. Patients in rural areas,
for example, have a difficult time finding a center for weekly procedure. For these patients, there is a
therapeutic need for efficacious treatment modalities that can be distributed through traditional routes.
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Figure 11: Example of LDL-apheresis effects on LDL-C. Data is from a 23 year old female patient with homozygous FH who attends the Parkland
Lipid Clinic. Arrows represent LDL-C measurements immediately after LDL-apheresis.
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D. Potential New Therapeutic Options for FH

a. PCSKO Inhibition

Two monoclonal antibodies to PCSK9 have been studied in patients with heterozygous FH. Regeneron
Pharmaceuticals product, REGN727, was administered to patients with heterozygous FH as part of a larger
study (62) and in a dedicated separate study (63). In both studies, REGN727 was well-tolerated and LDL-C
was reduced by 40-50%. In the Reducton of LDL-C with PCSK9 Inhibition in Heterozygous Familial
Hypercholesterolemia Disorder (RUTHERFORD) study , Amgen’s product,AMG145, reduced LDL-C up to 55%
and 89% of patients on the highest dose reached a goal LDL-C of 100 mg/dl (64). There was no difference in
muscle related adverse events when compared to placebo, but a few subjects on the study drug developed
asymptomatic elevations in CK related to strenuous exercise. Otherwise, there were no notable differences in
the safety profile relative to placebo. Based on these studies, PCSK9 inhibition may offer a new effective
treatment option to further reduce LDL-C in heterozygous FH patients unable to achieve optimal LDL-C targets
on current medications.

b. Apolipoprotein B (ApoB) Antisense Inhibitors

ApoB is an essential structural and receptor-binding component of all atherogenic lipoproteins,
including LDL and its metabolic precursors, intermediate-density lipoprotein (IDL) and very-low density
lipoprotein (VLDL). The Apo-B gene is expressed in both hepatocytes and intestinal epithelial cells. However,
in liver cells, its product is a 500 kD protein called Apo-B100 whereas in intestine cells, because of RNA editing
by Apobec1, its product is a smaller protein called Apo-B48.

Inhibition of ApoB production in hepatocytes is an attractive novel target that would decrease serum
cholesterol without involving the LDL-receptor, as statins and bile acid sequestrants do. As such, ApoB would
be a therapeutic target in those individuals with mutations in LDLR. One promising such drug is Mipomersen
(Isis Pharmaceuticals), which is an antisense oligonucleotide. Such drugs are short sequences of nucleotides,
and in the case of Mipomersen, it is complimentary to a 20 nucleotide segment of the coding region for the
mMRNA for Apo B100. Binding of the drug to mRNA results in the mRNA being targeted for degradation by
Rnase H rather than translation to the ApoB protein product.

A phase lll clinical trial of Mipomersen 200 mg SQ weekly in 51 patients with homozygous familial
hypercholesterolemia demonstrated a 25% reduction versus 3% for placebo in levels of LDL-C after 26 weeks
of treatment (65). One question that arises is whether inhibition of VLDL production leads to hepatic triglyceride
accumulation since hepatocytes are the site of de novo TG synthesis that is usually packaged into VLDL. In
fact, a few patients (7%) who were administered Mipomersen had a rise in ALT > 3x ULN (presented as
abstract Drugs Affecting Lipid Metabolism 2007). Other safety issues include injection site reactions and flu-like
symptoms, and of course, the cardiovascular benefit is not established.

¢. Microsomal Triglyceride Transfer (MTP) Protein Inhibitors

Microsomal triglyceride transfer protein (MTP) assists in the initial packaging of cholesterol esters and
triglycerides into both chylomicrons and VLDL in intestinal cells and hepatocytes, respectively. Two systemic
MTP inhibitors were developed in the early 2000’s. Bayer developed Implitapide, but found it to cause
excessive transaminitis in phase Il trials and development was discontinued in 2001. Bristol-Meyers Squibb
developed BMS-201038 but phase 1 trials (2003) had high rate of hepatic steatosis. The drug found its way to
individual academic investigators including Dr. Daniel Rader and his colleagues at U Penn. They administered
the drug to six homozygous FH patients in an open label dose escalation study to evaluate safety and efficacy
(66). After four weeks of therapy, TG decreased by 65% and LDL-C decreased by 51% (1 mg dose). However,
ALT and hepatic fat rose in four out six patients.

Despite these setbacks, Aegerion Pharmaceuticals continued to pursue approval from the FDA for
homozygous FH with the rationale that homozygous FH is a severe disease with limited treatment options.
Thus, the risk-to-benefit profile is favorable. Aegerion was successful as lomitapide was FDA approved for use
in homozygous FH on December 24, 2012. The yearly cost for lomitapide is estimated to be $200,000 —
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300,000, similar to the cost of LDL-apheresis. The major benefit for lomitapide would be for patients who
cannot get LDL-apheresis, especially since lomitapide is dosed orally. The cardiovascular benefit is yet to be
established, and liver fat accumulation remains a concern that may limit lomitapide’s more generalized use in
patients with heterozygous FH.

The FDA based its approval on a 78 week Phase Il study that evaluated the safety and effectiveness of
the medicine to reduce LDL-C levels in 29 adult patients with homozygous FH (67). When added to the
existing lipid-lowering therapy, lomitapide significantly reduced LDL-C from a baseline average of 336 mg/dL to
190 mg/dL (40% reduction) at 26 weeks (efficacy phase of study). Ten of the 29 patients in the study had at
least one elevation in liver enzymes greater than or equal to three times the upper limit of normal. Four of
those patients experienced liver enzymes greater than or equal to five times the upper limit of normal. Hepatic
fat increased from a baseline of one percent to a median absolute increase of six percent at 26 and 78 weeks.

IV. Familial Chylomicronemia Syndrome

According to data from the National Health and Nutrition Examination Survey (NHANES), 2% of the
population has triglycerides above 500 mg/dL. The majority of these individuals have secondary causes (i.e.
uncontrolled diabetes, alcoholism, kidney disease, lipodystrophy, or drugs such as estrogen) that can be
readily identified. Conversely, a small subset of these individuals is born with rare genetic diseases that result
in lifelong severe triglyceride elevations despite the absence of any secondary factors. Such individuals have
familial chylomicronemia syndrome (Type 1 hyperlipoproteinemia). Familial chylomicronemia syndrome
(OMIM# 238600) is a rare autosomal recessive disorder that is characterized by massive hypertriglyceridemia
(typically above 2000 mg/dL) and its complications. The pathophysiology is related to a defect in removal of
chylomicrons and other triglyceride-rich lipoproteins.

A. Genetics

Figure 12: First case of familial chylomicronemia syndrome. Left: young boy with multiple abdominal scars (from surgery for abdominal pain)
and protuberant abdomen (from hepatomegaly). Right: eruptive xanthomas

Burger and Griitz first described the clinical syndrome in 1932 in a young male offspring of a
consanguineous marriage (Figure 12). He was a young boy with extensive eruptive xanthomas,
hepatosplenomegaly, and milky plasma, and he had undergone multiple surgeries looking for the etiology of
abdominal pain. After initiation of a low fat diet, many of his complications improved greatly.

In 1989, the first of many lipoprotein lipase (LPL) structural gene defects was described and since then
roughly 60 mutations have been described (68). In the circulation, the enzyme LPL catalyzes the release of
free fatty acids from chylomicron and VLDL triglycerides. Thus a deficiency in LPL (or in the enzymes and
proteins associated with it) results in accumulation of circulating chylomicrons and VLDL. Several additional
genetic defects have been found to cause familial chylomicronemia syndrome, including apolipoprotein C2
(APOC2) (69), and more recently, apolipoprotein A5 (APOAS) (70, 71), lipase maturation factor 1 (LMF1) (72)
and glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1 (GPIHBP1) (73).
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B. Characteristics

The massive triglyceride elevations result in several classic findings. Fasting plasma typically turns
milky, referred to as lipemia. Several physical exam findings are characteristic. Lipemia retinalis is a pale pink
appearance of retinal blood vessels due to light scattering of large chylomicron particles. Hepatosplenomegaly
occurs due to accumulation of triglycerides in the liver and spleen. Triglycerides can also accumulate in the
skin, resulting in eruptive (cutaneous) xanthomas. These appear as crops of discrete yellow papules on an
erythematous base on the back, buttocks, and extensor aspects of elbows and knees. The lesions will clear
when TG return to normal.

The most severe manifestation of chylomicronemia is pancreatitis, which can be lethal. In the general
population, hypertriglyceridemia is the third most common cause of pancreatitis. The exact pathophysiology of
hypertriglyceridemia induced pancreatitis remains unknown; however patients with familial chylomicronemia
syndrome develop pancreatitis frequently. The odds ratio of developing pancreatitis among patients with
hypertriglyceridemia due to familial chylomicronemia syndrome is estimated to be approximately 360 (74). The
pancreatitis is typically acute, recurrent, and can have normal amylase and lipase levels

C. Current Treatment Options

Currently, no drug therapy for familial chylomicronemia syndrome is available. Patients are managed by
an extremely low fat diet: 15% fat in the diet. This diet can typically reduce the triglycerides to less than 2000
mg/dL, greatly reducing the risk of pancreatitis. However, diet therapy has limited durability and is difficult to
maintain, especially with the current environment of widely available and cheap calorie-dense processed
foods.

D. Treatments currently under investigation

Two promising drugs are currently being investigated for familial chylomicronemia syndrome: inhibitors
of diacylglycerol O-acyltransferase 1 (DGAT1) and intestinal specific MTP inhibitors. The final step in TG
synthesis is catalyzed by DGAT enzymes. DGAT1 knockout mice are lean, resistant to diet induced obesity,
and have increased insulin sensitivity (75). Hence, DGAT1 is considered a potential therapeutic target for
treating obesity and related metabolic disorders. By inhibiting TG synthesis, DGAT1 inhibition could potentially
reduce circulating triglycerides in patients with hypertriglyceridemia. Recently, Farese and co-workers reported
the first human case of DGAT1 deficiency which presented with a congenital diarrheal disorder (76). Oddly, the
patients had mild elevations in triglycerides. Regardless, LCQ908, a DGAT1 inhibitor, is currently being
evaluated in a randomized, double-blind, placebo controlled study to assess efficacy, safety and tolerability in
patients with familial chylomicronemia syndrome (clinicaltrials.gov #: NCT01514461).

The use of systemic MTP inhibitors will likely be limited by hepatic accumulation of triglycerides, which
could eventually lead to cirrhosis. This would be especially troubling in patients with familial chylomicronemia
syndrome, since these patients already accumulate TGs in their liver. One alternative is targeting MTP in only
intestinal cells. Intestinal specific MTP inhibitors may have a better safety profile since they would not affect
hepatocytes. One such drug, SLx-4090, has been developed by Surface Logix. In early trials (abstracts from
Scientific Sessions 2006, Prince et al J Lipidology), SLx-4090 had no effect on liver function and decreased
postprandial triglycerides up to 50% in healthy subjects. The only side effects noted were headache, flatulence,
and diarrhea. Such a drug could effectively treat chylomicronemia and as such, provide a pharmacological
intervention for those individuals with familial chylomicronemia syndrome. We are soon initiating a trial of SLx-
4090 in patients with familial chylomicronemia at UT Southwestern.

V. Conclusion

In conclusion, the past 60 years of lipid lowering drug development has led to multiple medications that
are well characterized including niacin, bile acid sequestrants, fibrates, statins, fish oil, and ezetimibe. Still,
several challenges remain. A significant amount of individuals have adverse reactions to existing drugs, with
the most common adverse reaction being statin induced myopathy. Statin induced myopathy complicates 5-
10% of statin users, and no effective approach to treating such patients has been established. High-risk
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populations (nephrotic syndrome, het FH) are unable to get to goal on existing drugs, and some individuals
(hom FH, familial chylomicronemia syndrome) do not respond to any existing drugs. Because LDL-C is a well-
established target to improve mortality, a need exists for further options for individuals with statin intolerance
and FH. A few promising therapeutic targets to reduce LDL-C include apoB antisense inhibition, MTP
inhibition, and PCSK9 inhibition. Because severe hypertriglyceridemia leads to recurrent acute pancreatitis, a
need exists for TG lowering agents in individuals with familial chylomicronemia syndrome. Promising TG
lowering therapies include DGAT1 inhibition and intestinal specific MTP inhibition.
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